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ApoptosisThe neural crest (NC) lineage gives rise to a wide array of cell types ranging from neurons and glia of the
peripheral nervous system to skeletal elements of the head. The mechanisms regulating NC differentiation
into such a large number of cell types remain largely unknown. MicroRNAs (miRNAs) play key roles in
regulating developmental events suggesting they may also play a role during NC differentiation. To deter-
mine what roles miRNAs play in differentiation of NC-derived tissues, we deleted the miRNA processing gene
Dicer in NC cells using the Wnt1-Cre deleter line. We show that deletion of Dicer soon after NC cells have
formed does not affect their migration and colonization of their targets in the embryo. However, the post-
migratory NC is dependent on Dicer for survival. In the head, loss of Dicer leads to a loss of NC-derived
craniofacial bones while in the trunk, cells of the enteric, sensory and sympathetic nervous systems are lost
during development. We found that loss of Dicer does not prevent the initial differentiation of NC but as
development progresses, NC derivatives are lost due to apoptotic cell death. When Dicer is deleted, both
Caspase-dependent and -independent apoptotic pathways are activated in the sensory ganglia but only the
Caspase-dependent apoptotic program was activated in the sympathetic nervous system showing that the
speciﬁc endogenous apoptotic programs are turned on by loss of Dicer. Our results show that Dicer and
miRNAs, are required for survival of NC-derived tissues by preventing apoptosis during differentiation.ular Biology, Tulane University,
504 862 8005.
Center, New York, NY 10065,
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How animals generate the vast cellular diversity that accompanies
development is a fundamental question in developmental biology.
One lineage that gives rise to a diverse array of cell types is the neural
crest (NC). Neural crest cells (NCCs) form as a small population of cells
at the boundary between the neural plate and the prospective
epidermis through the orchestrated action of several morphogenic
proteins and transcription factors (Basch and Bronner-Fraser, 2006).
After undergoing an epithelial to mesenchymal transformation, NCCs
migrate throughout the embryo contributing to the formation of a
large number of tissues (Morales et al., 2005). There are four main
divisions of the NC: (i) the cranial NC which gives rise to numerous
components in the head includingmost of the facial bones and several
of the bones forming the cranial vault, (ii) the vagal NC which
contributes to the cardiac outﬂow tracts and the majority of the
enteric nervous system, and the (iii) trunk and (iv) sacral NC which
gives rise to melanocytes and the peripheral autonomic and
sensory nervous systems (Graham et al., 2004; Le Douarin and Teillet,1973; Verberne et al., 2000). In the peripheral nervous system, the
NC-derived neurons differentiate with phenotype diversity equal
to that found in the central nervous system. For the NC to differen-
tiate into such varied cell types the developmental programs must
be under numerous levels of control. One mechanism that may
contribute to generating this assortment is through the action of
microRNAs (miRNAs).
MiRNAs are small RNA molecules that repress translation of
mRNAs by binding target sequences that lie within the 3′ UTR of
mRNAs (Zhao and Srivastava, 2007). Transcribed miRNAs are
processed in the nucleus into a hair-pin structure that are transported
to the cytoplasm for further processing by Dicer, an RNase III endonu-
clease, to produce the functional single stranded miRNAs (Agrawal
et al., 2003; Nilsen, 2007; Zhao and Srivastava, 2007). These miRNAs
are loaded onto the RNA Induced Silencing Complex (RISC) that
directs them to their mRNA targets (Nilsen, 2007).
Blocking miRNA processing by deletion of Dicer in mice leads to
the loss of the inner cell mass of the blastocyst resulting in early
embryonic lethality (Bernstein et al., 2003). Generating a conditional
Dicer allele circumvented the early lethality allowing for functional
studies of Dicer and miRNA function during development and adult-
hood (Harfe et al., 2005). Tissue-speciﬁc deletion of Dicer shows that
it plays diverse roles during development including maintenance
of tissues such as lungs, skin, bone, heart, the immune system and
neurons of the central nervous system (Andl et al., 2006; Chen et al.,
2008; Cobb et al., 2005, 2006; Cuellar et al., 2008; Davis et al., 2008;
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speciﬁc deletion of Dicer results in a decrease in limb size in cor-
relation with an increase in cell death (Harfe et al., 2005) while
deletion of Dicer in lung epithelium results in branching defects with
a concurrent increase in cell death (Harris et al., 2006). During
skeletal muscle development, the loss of Dicer leads to an increase in
cell death producing muscle hypoplasia as well as abnormal
myoﬁber morphology (O'Rourke et al., 2007). In the CNS, deletion
of Dicer results in region speciﬁc defects. In the cortex and
hippocampus, Dicer is needed for cell survival and dendritic
branching (Davis et al., 2008). In the neocortex, the loss of Dicer
results in neurogenic progenitor cell death but not neuroepithelial
progenitors (De Pietri Tonelli et al., 2008). These studies suggest that
Dicer may be required for cell survival during the switch from
uncommitted to committed neuronal progenitors. In addition to its
early role in cell survival, Dicer is also required for post-mitotic
Purkinje cell survival following terminal differentiation (Schaefer
et al., 2007). However, Dicer is not required for survival of all dif-
ferentiated cells. Dicer ablation in post-mitotic dopaminoceptive
neurons show that Dicer is required for maintenance of cell size but
not cell survival (Cuellar et al., 2008).
Here, we investigate the role of Dicer during development of
NC-derived tissues by deleting Dicer in NC usingWnt1-Cre. Our results
show that loss of Dicer in NCCs results in developmental defects in all
NC-derived tissues. Dicer loss does not prevent colonization of target
tissues or initial differentiation of NCCs, however, as differentiation
progresses cells are lost through apoptosis. In the head, where NC
differentiate to form a number of lineages including bone, deletion of
Dicer leads to the loss of facial and cranial vault structures. In the trunk,
NC form the peripheral nervous systems. Deletion of Dicer does not
affect initial formation of the sympathetic, sensory or enteric nervous
systems, but as the nervous systems begin to terminally differentiate,
neurons undergo apoptotic cell death.
Materials and methods
Generation of mutant embryos
Dicer was deleted in the NC lineage by crossing mice carrying the
conditional allele of Dicer (Harfe et al., 2005) with a transgenic line
expressing Cre under the control of the Wnt1 promoter (Danielian
et al., 1998). To generate breeding adults, Dicer fx/fx females were
crossed with Wnt1-Cre males to generate Dicerfx/+; Wnt1-Cre males.
To generate Dicer conditional knockout embryos, Dicer fx/+;Wnt1-Cre
males were crossed with Dicer fx/fx females. Genotyping was per-
formed as previously described (Harfe et al., 2005). To trace the NC
lineage, the Rosa26R line (Mao et al., 1999) was crossed into the
Dicer fx/fx females.
Immunohistochemistry
Embryos were collected in PBS and ﬁxed overnight in 4% para-
formaldehyde at 4 °C. Heads were removed and the trunks were
equilibrated with 30% sucrose in PBS at 4 °C overnight. 10 µm
cryosections were blocked with 10% goat serum in PBST (PBS, 0.1%
Tween-20) for 1 h and incubated with primary antibody at 4 °C
overnight. Primary antibodies and dilutions used in this study are as
follows: mouse monoclonal anti-β-III-tubulin (Tuj1) (Covance) at
1:1000 dilution; rabbit polyclonal anti-Tyrosine Hydroxylase (TH)
(Chemicon) 1:200 dilution; and rabbit polyclonal anti-active Caspase-
3 (Abcam) 1:200 dilution. Samples were washed with PBST for 3
times and incubated with secondary antibodies at room temperature
for 2 h. Secondary antibodies used in this study are as follows:
ﬂuorescein conjugated goat anti-rabbit (Vector Laboratories) 1:200
dilution and rhodamine conjugated goat anti-mouse (Chemicon)
1:200 dilution. After incubation with the secondary antibody,tissues were washed in PBS followed by a second wash with PBS
plus 0.5 µg/ml DAPI for 5 min and slides were mounted in glycerol/
PBS (1:1). TUNEL assays (Promega) were performed according to
manufacturer's instructions.
β-Galactosidase staining
Embryos were ﬁxed in 4% paraformaldehyde for 15 min at room
temperatureandwashed three times for5 mineach inPBS. Fixedembryos
were incubated overnight at room temperature in β-galactosidase
staining solution (5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2 and
1 mg/ml 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) and post
ﬁxed in 4% paraformaldehyde.
Alcian Blue–Alizarin Red staining
Skinned and eviscerated embryos were ﬁxed and dehydrated in
95% ethanol for 24 h at room temperature. Embryos were stained in
Alcian Blue staining solution (0.03% Alcian Blue, 80% ethanol, 20%
acetic acid) for 2 days, washed overnight in 95% ethanol followed by
incubation in 2% KOH solution for 24 h prior to staining with Alizarin
Red (0.03% Alizarin red, 1% KOH) overnight. Embryos were cleared for
documentation in 1% KOH/20% Glycerol solution and prepared for
storage by passing embryos through graded glycerol/ethanol solu-
tions (50%, 80% and 100%).
Imaging and quantiﬁcation
For quantiﬁcation of ganglia size, 3 embryos and a minimum of 15
sections along the length of each embryo of each genotype were used
for analysis. Sections were photographed and areas measured in
pixels using Adobe Photoshop CS3 and area values were averaged for
each animal. To quantify the active Caspase-3 and TUNEL positive
cells, 9 sections were photographed and immuno-positive cells were
counted in Image J. The Student's t-test was used for statistical
analysis.
Results
Dicer is required for survival of NC-derived craniofacial structures
The NC lineage contributes to several structures of the head
including bones, smooth muscle, glia and connective tissue (Graham
et al., 2004; Santagati and Rijli, 2003). To investigate the roles of Dicer
during cranial NC development, we deleted the Dicer gene in NC by
crossing a conditional allele of Dicerwith theWnt1-Cre deleter mouse
line. Genotype analysis of neonates showed that all genetic back-
grounds survived to birth at the expected Mendelian ratio. Mice with
the genotypes Dicer fx/+, Dicer fx/fx, and Dicer fx/+; Wnt1-Cre mice did
not have morphological defects and were used as the control
embryos. All Dicer fx/fx; Wnt1-Cre neonates have severe craniofacial
malformations and extended forelimbs (Fig. 1). Analysis of mutant
embryos did not show skeletal abnormalities outside the head (data
not shown), suggesting that the extended forelimb phenotype in
mutant embryos is due to neurological defects. The severity of cra-
niofacial defects was most pronounced in the anterior region of the
head corresponding to the region where NCCs contribute to the head.
The loss of the anterior cranial vault resulted in displacement of the
brain and neonates are unable to breathe resulting in death imme-
diately after birth.
Although Cre expression does not commence until after formation
of the NC, it is possible that the morphological defects in the head
caused by deletion of Dicer results from defective NC migration and
colonization of the head. To address these possibilities, the NC lineage
was traced by Cre dependent β-galactosidase expression from the
R26R locus (Fig. 2). The heads of Dicerfx/fx; R26R;Wnt1-Cre embryos at
Fig. 1. Loss of Dicer in the NC lineage results in severe cranial malformations. Dicerwas
deleted in the NC lineage using the Wnt1-Cre deleter line and newborn pups were
analyzed for gross phenotypic changes. (A) Dicer fx/+ newborn pups are phenotypically
normal. (B) Dicer fx/fx;Wnt1-Cre pups show severe growth retardation of the head with
the most pronounced defects in the anterior craniofacial region.
Fig. 2. Dicer expression in NCCs is required for craniofacial bone formation. (A–B) NCCs
were traced by β-galactosidase expression in E13 Dicer fx/+; R26R; Wnt1-Cre and
(B) Dicer fx/fx; R26R; Wnt1-Cre embryos. (A) At E13 the NCCs have migrated to their
target locations in the head. (B) The loss of Dicer does not prevent NC migration and
colonization of the head but the number of cells is reduced. (C–D) To detect
differentiation of NCCs into cartilage, E13 embryos were stained with Alcian Blue.
(C) Control embryos show cartilage formation in the vertebrae and mandible while in
the absence of Dicer, Meckel's cartilage is not formed (D) (arrowheads). (E–F) Cartilage
and bone formation in embryos was examined in E17 embryos by staining with Alcian
Blue–Alizarin Red. Bones that are NC-derived are outlined in the control embryo (E). In
mutant embryos, all NC-derived craniofacial bones are either absent or severely
reduced (F). (G–H) Hematoxylin and eosin stained parasagittal sections of control
(G) and mutant (H) heads. In addition to loss of NC-derived bones, the soft tissues
of the face are lost including the whisker pads of mutant embryos. Tym: Tympanic,
Als: Alisphenoid, Sq: Squomosal, Ftl: Frontal, Jgl: Jugal, Na: Nasal, Pr: Premaxilla,
Plt: Palatine, Dnt: Dentary.
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mates as is the level of β-galactosidase expression, suggesting that
migration of NC into the head is not affected by loss of Dicer (data not
shown). By E13, mutant embryos exhibit a reduced head size and
retardation of facial structure outgrowth (Figs. 2A–B). NCCs in mutant
heads are present, as shown by expression of β-galactosidase, but the
level and area with β-galactosidase positive cells are reduced showing
that the number of NCCs is reduced relative to control littermates
(Figs. 2A–B).
Most bones of the head are derived from the cranial NC lineage
including the tympanic, alisphenoid, squomosal, frontal, jugal, nasal,
premaxilla, palatine and dentary bones (Santagati and Rijli, 2003). To
determine if Dicer is required for differentiation of NCCs into cartilage,
embryos were stained with Alcian Blue. Meckel's cartilage begins to
form in the mandibular process at E13 (Fig. 2C). In Dicer mutant
embryos, Meckel's cartilage failed to form (Fig. 2D). To determine
if the loss of cartilage is due to a delay in development or an inability
of mutant NCCs to differentiate, cartilage and bone formation was
examined in E17 embryos by Alcian Blue–Alizarin Red staining
(Figs. 2E, F). In control embryos all bones of the head have begun
to form with the facial bones being more developed than the pos-
terior bones that are not NC-derived (Fig. 2E). In mutant embryos all
NC-derived facial and cranial vault bones are either absent or severely
reduced in size (Fig. 2F). The bones of the cranial vault that remain
appear to be themesodermally derived exoccipital, supraoccipital and
parietal. The size of the occipital bones are not affected by loss of the
NC-derived bones while the parietal bone is reduced in size. Our
results show that Dicer is essential for survival of the NC-derived
cartilage and bones of the head.
A histological examination was undertaken to determine the
effect of Dicer loss on the soft tissues of the head (Figs. 2G, H). E17
hematoxylin–eosin stained head sections show that the whisker pads,
nasal cavities and lower jaw of the mutant embryos were lost
(Fig. 2H). On a gross level all regions of the brain appear to form,
however, the mid-brain region is thinner and the lack of bones in the
face results in the neocortex projecting forward. In the absence of
bone, the brain projects outside the head at birth.
Dicer is required for enteric nervous system development
The vagal NC gives rise to the majority of the enteric nervous
system (ENS) (Le Douarin and Teillet, 1973) with the sacral NC
making a small contribution to the hindgut (Burns and Douarin, 1998;
Kapur, 2000). Vagal NCCs enter the foregut at E9.5 and migrate along
the developing gut to populate its entire length by E14.5 (Kapur,
2000). To determine if Dicer is required for NC to populate the gut,NCCs were traced in E13 embryos using β-galactosidase expression
from the R26R locus to mark NC-derived cells (Figs. 3A–F). At E13,
NCCs colonize the length of the stomach with the mutant embryos
showing a slight decrease in the number of NC and altered orga-
nization of the ENS (Figs. 3A–B). Since colonization of enteric NC
occurs in a rostral to caudal manner, the decrease in ENS cells in the
stomach is not due to defective colonization of NC. The midgut of both
control and mutant embryos is fully populated by similar numbers of
NCCs (Figs. 3C–D). At E13, NCCs have entered the developing colon in
similar numbers between control and mutant embryos but have not
reached the terminal bowel (Figs. 3E–F). Our results show that loss of
Dicer does not affect the colonization of the gut.
To determine if Dicer is required for maintenance of the ENS, NCCs
were traced in Dicer fx/fx; R26R;Wnt1-Cre embryos at E17 (Figs. 3G–P).
Loss of Dicer dramatically decreased ENS cell density along the length
of the gut. The esophagus (Figs. 3G–H), stomach (Figs. 3I–J), midgut
(Figs. 3K–L), cecum (Figs. 3M–N) and colon (Figs. 3O–P) all show a
large decrease in the number of NC-derived cells that form the ENS.
The number of ENS cells in the stomach and midgut at E17 is
decreased relative to E13 showing that as the ENS differentiates, loss
of Dicer leads to cell loss.
Fig. 3. Dicer is not required for colonization and formation of the enteric nervous system. Development of the enteric nervous system was examined in E13 (A–F) and E17
(G–P) embryos by lineage tracing NCCs using β-galactosidase activation by Wnt1-Cre. In the stomach, Dicer fx/+; R26R; Wnt1-Cre control embryos (A) contain more cells in
the ENS than Dicer fx/fx; R26R; Wnt1-Cre mutant embryos (B). In the midgut (C–D) and hindgut (E–F), the number of cells in the developing ENS are comparable. Comparison
of control and mutant embryos at E17 shows that in the esophagus (G–H), stomach (I–J), midgut (K–L), cecum (M–N) and colon (O–P), the number of cells contributing to
the ENS is dramatically reduced in mutant embryos relative control.
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Trunk NCCs give rise to the dorsal root ganglia (DRG), the pe-
ripheral component of the sensory nervous system (Raible and Ungos,
2006). To determine if loss of Dicer affects DRG development, we
undertook an immunohistochemical and anatomical examination of
DRG formation and survival (Fig. 4). To determine if Dicer plays a role
during ganglia formation and early neuronal differentiation, DRG of
E11 throughout the trunk were analyzed for expression of the pan-
neuronal marker Tuj1. The DRG express Tuj1 showing that differen-
tiation of NC progenitors into neurons is not dependent on Dicer
(Figs. 4A–B). To determine if Dicer is required for maintenance of the
neuronal phenotype, DRGwere examined for the expression of Tuj1 in
E15 embryos (Figs. 4C–D). Mutant DRG express Tuj1 but in a smaller
number of cells relative to control embryos. To determine if the
organization of the DRG late in development is impacted by deletion
of Dicer, DRG organization was examined in E17 embryos by tracing
NCCs using β-galactosidase expression. A dorsal view of the DRG in
control embryos shows they are aligned lateral to the neural tube and
have extensive axonal projections (Fig. 4E). Loss of Dicer does not
affect DRG organization, however, ganglia size is reduced and axons
fail to project (Fig. 4F).
Immunohistochemical and anatomical examination show that the
size of DRG in mutant embryos is reduced. To determine at which
developmental stage loss of Dicer affects size of the DRG, the area of
the DRG was quantiﬁed using expression of Tuj1 to mark the ganglia
boundaries in E11, E13 and E15 embryos (Fig. 4G). At E11, the DRG of
mutant embryos are comparable in size to control embryos (P=
0.967) suggesting that early development does not require Dicer. At
E13, the size of the developing DRG in mutant embryos is not sig-niﬁcantly reduced relative to control embryos (P=0.209), however at
E15, the size of the DRG in mutant embryos is reduced in size by
approximately 2.5 fold relative to control DRG (P=0.003). The DRG of
conditional Dicer mutant embryos at E15 are also reduced in size by
approximately 2 fold relative to those of control and mutant at E13
embryos (P=0.0015) showing that DRG neurons are lost during
development. These results show that Dicer and miRNAs are not
required for formation of DRG, or differentiation of NC into neurons,
but are required for maintenance of neurons during development.
Sensory neurons undergo apoptosis in the absence of Dicer
The decrease in size of DRG in mutant embryos at E15 relative to
E13 embryos could be due to a combination of decreased proliferation
and cell death. To determine if proliferation is affected by loss of Dicer,
the proliferation rate was analyzed by measuring the number of
cells in S-phase by BrdU incorporation. A comparison of control and
mutant DRG showed that proliferation was unaffected (P=0.904)
suggesting that decrease in size of the ganglia during development
is due to cell death. To determine if loss of Dicer in NCCs leads to
apoptotic cell death in the DRG, embryos were analyzed by TUNEL
analysis (Figs. 5A–B). Relative to control DRG, mutant DRG have
increased numbers of apoptotic cells showing that loss of Dicer
enhances apoptotic cell death in sensory ganglia during development.
At E13, number of TUNEL positive cells increased to about 50% in
mutant (P=0.009).
Apoptosis can occur through Caspase-dependent and -independent
mechanisms (Krantic et al., 2007). During development of the DRG,
apoptosis occurs by bothmechanisms (Jiang et al., 2005; Kouroku et al.,
1998). To determine the mechanism of apoptosis in DRG neurons,
Fig. 4. Dicer is required for sensory nervous system survival but not neuronal differentiation. (A–D) Neuronal differentiation in the DRG was examined by immunoﬂuorescent
analysis of expression of the pan-neuronal marker Tuj1 at E11 and E15 of development. At E11, the DRG of (A) control and (B) Dicer fx/fx;Wnt1-Cre embryos have formed and express
Tuj1 (A). At E15, the DRG of control embryos (C) continues to grow while DRG of Dicer fx/fx;Wnt1-Cre embryos (D) fail to expand. (E–F) The result of Dicer loss on DRG survival and
patterning late in development was examined in E17 embryos by tracing NC-derived cells using β-galactosidase expression from the R26R locus. A comparison of a dorsal view of the
DRG from control (E) and Dicer mutant (F) embryos shows that the DRG are maintained in mutant embryos but the ganglia size of mutant embryos is reduced and project axons.
(G) To determine when during development the DRG fails to expand in mutant embryos, the cross sectional area of ganglia was calculated using the pan-neural marker Tuj1 to mark
neurons. At E11 and E13, there is no signiﬁcant difference between the control andmutant ganglia (P=0.967 and P=0.209 respectively). By E15, there is a signiﬁcant decrease in the
size of the ganglia in mutant embryos (P=0.003).
463A. Zehir et al. / Developmental Biology 340 (2010) 459–467activated Caspase-3was co-localized to neurons by co-labelingwith the
pan-neuronal marker Tuj1 (Figs. 5C–D). In the absence of Dicer, an
increase in the number of cells with activated Caspase-3 was observed.
Quantiﬁcation of active Caspase-3 immunoreactivity shows that at E11
the number of cells with activated Caspase-3 increases signiﬁcantly in
the absence of Dicer (P=0.001) (Fig. 5E). At E13 Dicer mutant DRG,
there is signiﬁcant increase in the number of cells containing activatedFig. 5. Loss of Dicer results in increased apoptosis in sensory ganglia. (A–B) E13 DRG wer
apoptotic cells were identiﬁed by TUNEL analysis. Compare to control DRG (A), mutant DRG s
apoptosis is occurring in a Caspase-dependent or -independent manner, DRG of E13 embr
contain activated Caspase-3 (C) compared to mutant DRG (D). (E) Quantiﬁcation of the num
activated Caspase-3 and TUNEL positive cells in mutant DRG (*P=0.001, **P=0.0007, ***PCaspase-3 (P=0.0007) compared to the controls showing that Dicer is
required for DRG neuron survival during differentiation. When the
number of activatedCaspase-3 positive neuronswas comparedwith the
total number of cells undergoing apoptosis (Fig. 5E), both control and
mutant embryos show a signiﬁcant difference in the number of TUNEL
positive cells and activated Caspase-3 positive cells (control P=0.0004,
mutant P=0.000007). Approximately 50% of apoptotic cells aree marked by tracing NCCs using β-galactosidase expression from the R26R locus and
how an increase in the number of cells undergoing apoptosis (B). (C–D) To determine if
yos were examined for expression of activated Caspase-3. Fewer cells in control DRG
ber of cells with activated Caspase-3 and TUNEL shows a signiﬁcant increase in the both
=0.009).
464 A. Zehir et al. / Developmental Biology 340 (2010) 459–467activated Caspase-3 positive in both genotypes. The increase in
apoptosis due to loss of Dicer increases both Caspase-dependent
and -independent apoptosis in the DRG.
Dicer is required for survival of differentiating sympathetic neurons
The sympathetic nervous system (SNS) develops from trunk NC
that arrive at the dorsal aorta by E10 and begin to aggregate to form
the sympathetic ganglia (Goridis and Rohrer, 2002; Huber, 2006).
Within 12 h a subset of sympathetic precursors begin differentiating
into neurons and express the norepinephrine biosynthetic enzyme
tyrosine hydroxylase (TH). To address the role of Dicer during SNS
development, we examined how deletion of Dicer in the NC lineage
affects SNS formation and differentiation (Fig. 6). To determine if
Dicer is required for SNS ganglia formation, neuronal differentiation
or phenotype selection, the expression of Tuj1 and THwere examined
in E11 embryos (Figs. 6A–B). At E11, SNS ganglia form and express
Tuj1 and TH in embryos lacking Dicer at levels comparable to control
litter mates showing that Dicer does not play an essential role in
ganglia formation or activation of the noradrenergic differentiation
program in sympathetic neuroblasts. To determine if Dicer plays a role
in maintenance of neurons and noradrenergic differentiation of the
SNS, we examined if Dicer loss affects Tuj1 and TH expression in E15
embryos (Figs. 6C–D). In control embryos, the SNS continues to grow
and neurons co-express Tuj1 and TH (Fig. 6C). In mutant embryos, the
size of the ganglia is reduced and the few remaining neurons express
Tuj1 but not TH (Fig. 6D). To determine if the loss of Tuj1 expression is
due to loss of cells, NCCs were traced by β-galactosidase expression
from the R26R locus and the SNS was examined by whole-mount
staining in E17 embryos (Figs. 6E–F). Loss of Dicer does not affect the
organization of the SNS but results in severe hypoplastic ganglia
showing that the NC-derived cells are lost in the SNS.
To determine at what stage of SNS development Dicer is required
for maintenance of sympathetic neurons, the area of the sympathetic
ganglia at different stages of development was quantiﬁed using Tuj1
expression to mark ganglia boundaries (Fig. 6G). The area of controlFig. 6.Dicer is required for maintenance of the sympathetic nervous system. To determine the
and noradrenergic differentiation and neuronal survival. (A–D) Neuronal and noradrener
nohistochemical analysis shows that sympathetic ganglia form and differentiate into sympa
ganglia increase in size and continue expressing Tuj1 and TH (C) while ganglia in Dicer mut
mount lineage tracing in E17 embryos was used to determine the late effect of Dicer loss on
(arrow heads) of mutant embryos contain few cells but maintain correct patterning (F). (G)
Tuj1 to mark ganglia boundaries. There is no signiﬁcant difference in the size of ganglia at E1
(P=0.037).and mutant ganglia is not signiﬁcantly different at E11 or E13. At E15,
the area of the mutant SNS is dramatically decreased relative to
control (P=0.037). When the size of mutant E15 ganglia is compared
to mutant E13 ganglia, there also is a signiﬁcant reduction in size
(P=0.0413) showing that neurons are lost by E15. These results show
that Dicer is not required for initial formation of noradrenergic SNS
neurons but is required for maintenance of neurons after they have
begun to terminally differentiate.
Sympathetic neurons undergo apoptosis in the absence of Dicer
Our results suggest that loss of Dicer results in a progressive loss of
SNS neurons starting at mid-gestation. To determine if reduced
proliferation contributes to the reduction in cell number during
development, we examined if the proliferation rate was affected by
measuring the number of cells in S-phase by BrdU incorporation. A
comparison of the number of BrdU positive cells in the SNS in control
and mutant embryos showed that proliferation was unaffected (P=
0.928), suggesting that decrease in size of the ganglia during devel-
opment is due to cell death. To determine if cell death by apoptosis
accounts for the loss of sympathetic neurons, the developing SNS was
analyzed by TUNEL (Figs. 7A–B). At E13, control sympathetic ganglia
have few or no TUNEL positive cells (Fig. 7A) whereas TUNEL positive
nuclei are increased in conditional Dicer mutant ganglia (P=0.0004)
(Fig. 7B).
To determine if the enhanced apoptosis due to Dicer loss is
through the Caspase-dependent pathway, we examined Caspase-3
activation in SNS neurons (Figs. 7C–D). To mark neurons, sections
were co-labeledwith Tuj1. In control SNS ganglia few neurons contain
activated Caspase-3 (Fig. 7C) while ganglia lacking Dicer contain
numerous neurons containing activated Capsase-3 (Fig. 7D). Quanti-
ﬁcation of active Caspase-3 positive cells shows that in the absence of
Dicer, increased numbers of activated Caspase-3 positive cells begin
to be observed at E11 (P=0.007) with the number of cells expressing
active Caspase-3 increasing dramatically by E13 (P=0.00004). Neu-
rons in the SNS undergo reﬁnement in a Caspase-dependent mannerrole of Dicer during SNS development, sympathetic ganglia were analyzed for neuronal
gic differentiation of the SNS was determined by expression of Tuj1 and TH. Immu-
thetic neurons in control (A) and the mutant embryos (B). At E15, control sympathetic
ant embryos are dramatically reduced in size and do not express TH (D). (E–F) Whole-
patterning and survival of sympathetic ganglia. Relative to control embryos (E), ganglia
The sizes of the developing SNS ganglia were quantiﬁed using the pan-neuronal marker
1 and E13 but the SNS ganglia dramatically decreases in size in mutant embryos by E15
Fig. 7. Dicer is required to suppress apoptotic cell death in sympathetic ganglia. (A–B) Cells undergoing apoptosis in the sympathetic ganglia were determined by TUNEL analysis in
E13 embryo sections containing β-galactosidase tracing to mark ganglia. Few cells were found to apoptose in control sympathetic ganglia (A), while mutant ganglia show increased
TUNEL positive cells (B). (C–D) To determine if cell death is Caspase-dependent, SNS ganglia were marked by Tuj1 expression and examined for expression of activated Caspase-3 by
immunohistochemistry. Compared to controls (C) increased expression of activated Caspase-3 is seen in themutant ganglia (D). (E) Quantiﬁcation of activated Caspase-3 and TUNEL
positive cells in the sympathetic ganglia shows a dramatic increase (*P=0.007, **P=0.00004, ***P=0.0004).
465A. Zehir et al. / Developmental Biology 340 (2010) 459–467during development (Deshmukh et al., 1996; Parlato et al., 2007). To
determine if loss of Dicer activates Caspase-independent apoptosis in
addition to Caspase-dependent apoptosis, the number of activated
Caspase-3 positive cells was compared with the number of TUNEL
positive apoptotic neurons. The number of activated Caspase-3 and
TUNEL positive cells was the same in both control (P=0.158) and
mutant (P=0.672) showing that loss of Dicer does not activate
Caspase-independent apoptosis.
Discussion
Dicer is required for miRNAs' processing to generate functional
miRNAs that can regulate translational suppression ofmRNA (Agrawal
et al., 2003; Nilsen, 2007; Zhao and Srivastava, 2007). Although
the main function of Dicer is to process miRNAs that act to repress
translation, Dicer plays additional roles including processing RNAs
that regulate chromatin structure to regulate transcription (Djupedal
and Ekwall, 2009). In this study, we show that Dicer and miRNAs
are required for survival of NC-derived tissues during development.
Using Wnt1-Cre to delete Dicer soon after NC form, we show that
Dicer and newly processed miRNAs are not required for NC migration
and their correct distribution in the embryos. However, Dicer is
required for survival of all NC lineages examined as they begin to
differentiate.
The roles of Dicer in cranial NC
Loss of Dicer does not affect NC migration or colonization of the
head in early stage embryos but results in a near complete loss of
frontal bones resulting in the brain extending into the region normally
occupied by the nasal cavity. The loss of all the NC-derived bones
demonstrates that their survival is dependent on Dicer.
The NC does not contribute directly to the brain and on a gross
level, all regions of the brain in conditional Dicer mutant embryos
appear to form, however, the mid-brain appears much thinner. Since
the Wnt1-Cre transgene is expressed in the dorsal neural tube
including the mid-brain region (Brault et al., 2001), the loss of cells
at the mid-brain may be directly due to a loss of Dicer in a cell
autonomous manner. Alternatively, cranial NCCs have been reportedto inﬂuence mid-brain development and their loss may affect sig-
naling between these lineages (Creuzet et al., 2006).
Dicer is essential for peripheral nervous system survival but not initial
differentiation
NCCs form the neurons and glia of the enteric, sensory, and sym-
pathetic nervous systems. Loss of Dicer did not affect formation of
ganglia suggesting that after NCCs have formed, newly synthesized
miRNAmay not be required for colonization, formation of PNS ganglia
or initial differentiation of neurons. This suggests that either miRNA
synthesized prior to Dicer deletion by Wnt1-Cre play a role or that
miRNA are not required for these processes. The pan-neuronal marker
Tuj1 is expressed in the sensory and sympathetic neurons showing
that neuronal differentiation does not require Dicer.
In the SNS, expression of TH, an enzyme essential for noradren-
ergic differentiation, was not affected by loss of Dicer suggesting that
neuronal phenotype selection in the SNS does not require Dicer.
Norepinephrine synthesized from the SNS is essential for embryonic
survival past E12 (Morikawa and Cserjesi, 2008; Thomas et al., 1995).
Although expression of other genes required for norepinephrine syn-
thesis and secretion were not examined, the survival of conditional
Dicer mutant embryos to birth suggesting that all enzymes required
for noradrenergic synthesis were also expressed. In addition, loss of
Dicer did not affect the expression of the transcription factors Hand2
and Gata3 (data not shown), which are essential for regulating SNS
noradrenergic differentiation (Lim et al., 2000; Moriguchi et al., 2006;
Morikawa et al., 2007). Taken together, our results show that the
neuronal differentiation of the sensory and sympathetic nervous
systems and phenotype selection of the SNS is not dependent on Dicer
hence it does not require synthesis of miRNA in their precursors.
The mechanisms of cell death mediated by Dicer loss
During development, loss of Dicer in the NC results in a progressive
loss of the enteric, sensory, and sympathetic nervous systems. At mid-
gestation, when neuroblasts of the PNS are undergoing terminal
differentiation and exiting the cell cycle, the size of the ganglia
failed to expand in Dicermutant embryos due to apoptotic cell death.
Cell death in the PNS normally occurs late in development during
466 A. Zehir et al. / Developmental Biology 340 (2010) 459–467remodeling (Oppenheim, 1991). Loss of Dicer results in apoptosis
occurring early in development suggesting that Dicer and newly
synthesized miRNAs are critical in PNS survival by preventing
premature apoptotic dependent cell death. Our analysis of the
mechanism of cell death shows that it occurs through both Caspase-
dependent and -independent apoptosis in the DRG but only Caspase-
dependent apoptosis in the SNS. During development, the DRG
undergo apoptosis by both Caspase-dependent and -independent
mechanisms (Jiang et al., 2005; Kouroku et al., 1998) while apoptosis
in the SNS is Caspase-dependent (Deshmukh et al., 1996; Parlato et al.,
2007). This suggests that loss of Dicer does not activate apoptotic
programs in general but activates the pathways endogenous to the
cell lineage. Since the apoptotic pathways are activated at the level of
transcription, loss of Dicer is not activating apoptosis by relieving
translational suppression of apoptotic mRNA. The cause of apoptotic
program activation may be due to enhanced translation of a large
number of proteins normally regulated by miRNAs during differen-
tiation resulting in cell suicide.
Alternatively, since loss of Dicer results in apoptosis at the time that
cells transition from proliferation to cell cycle exit, it is possible that
Dicer and miRNAs are required to regulate cell cycle exit and the
disruption of this transition leads to cell suicide. Conditional deletion of
Dicer in other developing tissues also results in apoptosis (Davis et al.,
2008; Harfe et al., 2005; Kim et al., 2007; O'Rourke et al., 2007)
suggesting that expression of Dicer and miRNAs may be a general
requirement in suppressingapoptosis duringdifferentiation.Our results
suggest that Dicer andmiRNAs are required to prevent activation of the
apoptotic program but miRNAs are also known to be required for
regulationof apoptosis after apoptotic genes are activated. InDrosophila,
the miRNA bantam regulates expression of a pro-apoptotic protein hid
and prevents hid-dependent apoptosis (Brennecke et al., 2003)while in
Xenopus retina, miR-24a represses two pro-apoptotic proteins Caspase-
9 andAPAF-1 to regulate retinal sizedevelopment (Walker andHarland,
2009). Combinedwith our results, it appears that apoptosis is regulated
by miRNA at multiple levels.
Acknowledgments
We wish to thank Michael McManus (University of California, San
Francisco) for providing the conditional Dicer mouse line and Henry
Sucov (University of Southern California, Los Angele) for providing
the Wnt1-Cre mouse line. We wish to thank David Clouthier
(University of Colorado, Denver) for help with the analysis of the
head phenotype. This work was supported by grants from AHA (SDG)
to Y. M. and AHA (Grant in Aid), NSF (IOS-0529746, MCB-0529746) to
P. C. and NIH (NS15547).
References
Agrawal, N., Dasaradhi, P.V., Mohmmed, A., Malhotra, P., Bhatnagar, R.K., Mukherjee,
S.K., 2003. RNA interference: biology, mechanism, and applications. Microbiol.
Mol. Biol. Rev. 67, 657–685.
Andl, T., Murchison, E.P., Liu, F., Zhang, Y., Yunta-Gonzalez, M., Tobias, J.W., Andl, C.D.,
Seykora, J.T., Hannon, G.J., Millar, S.E., 2006. The miRNA-processing enzyme dicer is
essential for the morphogenesis and maintenance of hair follicles. Curr. Biol. 16,
1041–1049.
Basch, M.L., Bronner-Fraser, M., 2006. Neural crest inducing signals. Adv. Exp. Med. Biol.
589, 24–31.
Bernstein, E., Kim, S.Y., Carmell, M.A., Murchison, E.P., Alcorn, H., Li, M.Z., Mills, A.A.,
Elledge, S.J., Anderson, K.V., Hannon, G.J., 2003. Dicer is essential for mouse
development. Nat. Genet. 35, 215–217.
Brennecke, J., Hipfner, D.R., Stark, A., Russell, R.B., Cohen, S.M., 2003. Bantam encodes a
developmentally regulated microRNA that controls cell proliferation and regulates
the proapoptotic gene hid in Drosophila. Cell 113, 25–36.
Brault, V., Moore, R., Kutsch, S., Ishibashi, M., Rowitch, D.H., McMahon, A.P., Sommer, L.,
Boussadia, O., Kemler, R., 2001. Inactivation of the beta-catenin gene by Wnt1-Cre-
mediated deletion results in dramatic brain malformation and failure of
craniofacial development. Development 128, 1253–1264.
Burns, A.J., Douarin, N.M., 1998. The sacral neural crest contributes neurons and glia to
the post-umbilical gut: spatiotemporal analysis of the development of the enteric
nervous system. Development 125, 4335–4347.Chen, J.F., Murchison, E.P., Tang, R., Callis, T.E., Tatsuguchi, M., Deng, Z., Rojas, M.,
Hammond, S.M., Schneider, M.D., Selzman, C.H., Meissner, G., Patterson, C.,
Hannon, G.J., Wang, D.Z., 2008. Targeted deletion of Dicer in the heart leads to
dilated cardiomyopathy and heart failure. Proc. Natl. Acad. Sci. U. S. A. 105,
2111–2116.
Cobb, B.S., Nesterova, T.B., Thompson, E., Hertweck, A., O'Connor, E., Godwin, J., Wilson,
C.B., Brockdorff, N., Fisher, A.G., Smale, S.T., Merkenschlager, M., 2005. T cell lineage
choice and differentiation in the absence of the RNase III enzyme Dicer. J. Exp. Med.
201, 1367–1373.
Cobb, B.S., Hertweck, A., Smith, J., O'Connor, E., Graf, D., Cook, T., Smale, S.T., Sakaguchi,
S., Livesey, F.J., Fisher, A.G., Merkenschlager, M., 2006. A role for Dicer in immune
regulation. J. Exp. Med. 203, 2519–2527.
Creuzet, S.E., Martinez, S., Le Douarin, N.M., 2006. The cephalic neural crest exerts a
critical effect on forebrain and midbrain development. Proc. Natl. Acad. Sci. U. S. A.
103, 14033–14038.
Cuellar, T.L., Davis, T.H., Nelson, P.T., Loeb, G.B., Harfe, B.D., Ullian, E., McManus, M.T.,
2008. Dicer loss in striatal neurons produces behavioral and neuroanatomical
phenotypes in the absence of neurodegeneration. Proc. Natl. Acad. Sci. U. S. A. 105,
5614–5619.
Danielian, P.S., Muccino, D., Rowitch, D.H., Michael, S.K., McMahon, A.P., 1998.
Modiﬁcation of gene activity in mouse embryos in utero by a tamoxifen-inducible
form of Cre recombinase. Curr Biol. 8, 1323–1326.
Davis, T.H., Cuellar, T.L., Koch, S.M., Barker, A.J., Harfe, B.D., McManus, M.T., Ullian, E.M.,
2008. Conditional loss of Dicer disrupts cellular and tissue morphogenesis in the
cortex and hippocampus. J. Neurosci. 28, 4322–4330.
De Pietri Tonelli, D., Pulvers, J., Haffner, C., Murchison, E., Hannon, G., Huttner, W., 2008.
miRNAs are essential for survival and differentiation of newborn neurons but not
for expansion of neural progenitors during early neurogenesis in the mouse
embryonic neocortex. Development 135, 3911–3921.
Deshmukh, M., Vasilakos, J., Deckwerth, T.L., Lampe, P.A., Shivers, B.D., Johnson Jr., E.M.,
1996. Genetic and metabolic status of NGF-deprived sympathetic neurons saved by
an inhibitor of ICE family proteases. J. Cell Biol. 135, 1341–1354.
Djupedal, I., Ekwall, K., 2009. Epigenetics: heterochromatin meets RNAi. Cell Res. 19,
282–295.
Goridis, C., Rohrer, H., 2002. Speciﬁcation of catecholaminergic and serotonergic neu-
rons. Nat. Rev. Neurosci. 3, 531–541.
Graham, A., Begbie, J., McGonnell, I., 2004. Signiﬁcance of the cranial neural crest. Dev.
Dyn. 229, 5–13.
Harfe, B.D., McManus, M.T., Mansﬁeld, J.H., Hornstein, E., Tabin, C.J., 2005. The RNaseIII
enzyme Dicer is required for morphogenesis but not patterning of the vertebrate
limb. Proc. Natl. Acad. Sci. U. S. A. 102, 10898–10903.
Harris, K.S., Zhang, Z., McManus, M.T., Harfe, B.D., Sun, X., 2006. Dicer function is essential
for lung epithelium morphogenesis. Proc. Natl. Acad. Sci. U. S. A. 103, 2208–2213.
Huber, K., 2006. The sympathoadrenal cell lineage: speciﬁcation, diversiﬁcation, and
new perspectives. Dev. Biol. 298, 335–343.
Jiang, Y., Zhang, J.S., Jakobsen, J., 2005. Differential effect of p75 neurotrophin recep-
tor on expression of pro-apoptotic proteins c-jun, p38 and caspase-3 in dorsal
root ganglion cells after axotomy in experimental diabetes. Neuroscience 132,
1083–1092.
Kapur, R.P., 2000. Colonization of the murine hindgut by sacral crest-derived neural
precursors: experimental support for an evolutionarily conserved model. Dev. Biol.
227, 146–155.
Kim, J., Inoue, K., Ishii, J., Vanti, W.B., Voronov, S.V., Murchison, E., Hannon, G.,
Abeliovich, A., 2007. A MicroRNA feedback circuit in midbrain dopamine neurons.
Science 317, 1220–1224.
Koralov, S.B., Muljo, S.A., Galler, G.R., Krek, A., Chakraborty, T., Kanellopoulou, C., Jensen,
K., Cobb, B.S., Merkenschlager, M., Rajewsky, N., Rajewsky, K., 2008. Dicer ablation
affects antibody diversity and cell survival in the B lymphocyte lineage. Cell 132,
860–874.
Kouroku, Y., Urase, K., Fujita, E., Isahara, K., Ohsawa, Y., Uchiyama, Y., Momoi, M.Y.,
Momoi, T., 1998. Detection of activated Caspase-3 by a cleavage site-directed
antiserum during naturally occurring DRG neurons apoptosis. Biochem. Biophys.
Res. Commun. 247, 780–784.
Krantic, S., Mechawar, N., Reix, S., Quirion, R., 2007. Apoptosis-inducing factor: a matter
of neuron life and death. Prog. Neurobiol. 81, 179–196.
Le Douarin, N.M., Teillet, M.A., 1973. Themigration of neural crest cells to the wall of the
digestive tract in avian embryo. J. Embryol. Exp. Morphol. 30, 31–48.
Lim, K.C., Lakshmanan, G., Crawford, S.E., Gu, Y., Grosveld, F., Engel, J.D., 2000. Gata3 loss
leads to embryonic lethality due to noradrenaline deﬁciency of the sympathetic
nervous system. Nat. Genet. 25, 209–212.
Mao, X., Fujiwara, Y., Orkin, S.H., 1999. Improved reporter strain for monitoring Cre
recombinase-mediated DNA excisions in mice. Proc. Natl. Acad. Sci. U S A. 96,
5037–5042.
Morales, A.V., Barbas, J.A., Nieto, M.A., 2005. How to become neural crest: from
segregation to delamination. Semin. Cell Dev. Biol. 16, 655–662.
Moriguchi, T., Takako, N., Hamada, M., Maeda, A., Fujioka, Y., Kuroha, T., Huber, R.E.,
Hasegawa, S.L., Rao, A., Yamamoto, M., Takahashi, S., Lim, K.C., Engel, J.D., 2006.
Gata3 participates in a complex transcriptional feedback network to regulate
sympathoadrenal differentiation. Development 133, 3871–3881.
Morikawa, Y., Cserjesi, P., 2008. Cardiac neural crest expression of Hand2 regulates
outﬂow and second heart ﬁeld development. Circ. Res. 103, 1422–1429.
Morikawa, Y., D'Autreaux, F., Gershon, M.D., Cserjesi, P., 2007. Hand2 determines the
noradrenergic phenotype in themouse sympathetic nervous system. Dev. Biol. 307,
114–126.
Nilsen, T.W., 2007. Mechanisms of microRNA-mediated gene regulation in animal cells.
Trends Genet. 23, 243–249.
467A. Zehir et al. / Developmental Biology 340 (2010) 459–467O'Rourke, J.R., Georges, S.A., Seay, H.R., Tapscott, S.J., McManus, M.T., Goldhamer, D.J.,
Swanson, M.S., Harfe, B.D., 2007. Essential role for Dicer during skeletal muscle
development. Dev. Biol. 15, 359–368.
Oppenheim, R.W., 1991. Cell death during development of the nervous system. Annu.
Rev. Neurosci. 14, 453–501.
Parlato, R., Otto, C., Begus, Y., Stotz, S., Schutz, G., 2007. Speciﬁc ablation of the tran-
scription factor CREB in sympathetic neurons surprisingly protects against
developmentally regulated apoptosis. Development 134, 1663–1670.
Raible, D.W., Ungos, J.M., 2006. Speciﬁcation of sensory neuron cell fate from the neural
crest. Adv. Exp. Med. Biol. 589, 170–180.
Santagati, F., Rijli, F.M., 2003. Cranial neural crest and the building of the vertebrate
head. Nat. Rev. Neurosci. 4, 806–818.Schaefer, A., O'Carroll, D., Tan, C.L., Hillman, D., Sugimori, M., Llinas, R., Greengard, P.,
2007. Cerebellar neurodegeneration in the absence of microRNAs. J. Exp. Med. 204,
1553–1558.
Thomas, S.A., Matsumoto, A.M., Palmiter, R.D., 1995. Noradrenaline is essential for
mouse fetal development. Nature 374, 643–646.
Verberne, M.E., Gittenberger-de Groot, A.C., van Iperen, L., Poelmann, R.E., 2000.
Distribution of different regions of cardiac neural crest in the extrinsic and the
intrinsic cardiac nervous system. Dev. Dyn. 217, 191–204.
Walker, J.C., Harland, R.M., 2009. microRNA-24a is required to repress apoptosis in the
developing neural retina. Genes Dev. 23, 1046–1051.
Zhao, Y., Srivastava, D., 2007. A developmental view of microRNA function. Trends
Biochem. Sci. 32, 189–197.
